Pseudomonas aeruginosa PAO chromosome. The zero point of the map was relocated to the chromosomal origin of replication.
The current genetic map of the Pseudomonas aeruginosa PAO chromosome lists the location of more than 300 marker loci (28) . Recently two physical maps of the 5.94 + 0.02-Mb (39) large chromosome which had been constructed by either bottom-up (25, 37) or top-down (38) mapping techniques were published. Discrepancies between the two macrorestriction maps have meanwhile been resolved by the application of several novel two-dimensional pulsed-field gel electrophoresis mapping protocols (39) . The refined Spell DpnI map is consistent with the first top-down mapping report (38) . This communication provides the map positions of 27 recently cloned genes. The zero point of the genome map was relocated to the chromosomal origin of replication (49) .
The cloned DNA sequences were assigned to the anonymous macrorestriction map by Southern hybridization as described previously (38, 39) . Briefly, P. aeruginosa PAO (DSM 1707, Deutsche Sammlung von Mikroorganismen, Braunschweig, Germany) chromosomes embedded in agarose plugs were cleaved with SpeI and/or DpnI (38) . P. aeruginosa PAO strains PAO1 (ATCC 15692) and PAO (DSM 1707) yielded identical DpnI and SpeI fragment patterns (39) . Single and double restriction digests were subjected to continuous-field agarose gel electrophoresis and to two separate runs of contour-clamped homogeneous electric field gel electrophoresis (6) that preferentially resolved fragments in the 1-to 10-kb, 10-to 50-kb, and 40-to 600-kb size ranges, respectively (39) . Molecular weight markers were provided by BstEII digests and concatamers of A c1857 indl Sam7 DNA. Southern blotting of gels and hybridization (7) with 32P-labeled probes were performed as described previously (38) . For the preparation of the DNA probes, Escherichia coli HB101 was transformed by plasmids containing cloned P. aeruginosa sequences. Restriction digests of the plasmids that had been isolated from 1.5-mI overnight cultures of the bacteria were separated by agarose gel electrophoresis, and the cloned fragments were eluted by the freeze-squeeze method (44) . The various DNA probes are listed in Table 1 .
The chromosomal replication origin oriC was mapped on the 45 -kb SpK/DpE linking fragment by hybridization with the pae310 sequence (49) . pae310 has been demonstrated to represent the oriC locus by the detection of replication intermediates on two-dimensional gels (2, 3) when P. aeruginosa chromosomal DNA was probed with the pae310 plasmid clone (49) . Moreover, pae310 contains sequence motifs such as three 13-mer direct repeats and several 9-bp DnaA protein binding sites which are typical for chromosomal origins (49) . The three-gene operon trpIBA is the closest marker which was mapped on both the physical (37, 38) , the old (28 min) (27) , and the recalibrated (14 min) (28, 34) versions of the genetic map. Hence, trpIBA may be taken as the reference point for the superposition of genetic and physical maps. By using the time units of the recalibrated PAO chromosome map (34) , the origin of replication is located at 13 min on the genetic map. Since the chromosomal replication origins are generally considered the reference points of genome maps, we would like to propose that the zero point of the chromosome map be relocated to the oriC locus. Figure 1 displays the placement of genes on the SpeIlDpnI map with oriC as the zero point. Physical dis- Crawford 5 tances are given in absolute (megabase) and relative (percent) scales. The four rrn operons (17, 29, 38) cluster around the origin of replication at distances ranging from 0.2 to 1.4 Mb. Three operons are located counterclockwise and one operon is located clockwise from oriC. In addition to the 16S, 23S, and 5S rRNA genes, the genes for two further RNA species, the 4.5S RNA (45) and 6S RNA (46) genes, were positioned on the chromosome map (Fig. 1) . The 4.5S RNA is a metabolically stable, abundant molecule required for cell viability that seems to be involved in protein biosynthesis (4, 40, 43) . A consensus structure for 4.5S RNA of eubacteria is very similar to that for 7S RNA of eukaryotes and archaebacteria (4, 43, 45) . The eukaryotic 7S RNA is an essential component of the signal recognition particle, a ribonucleoprotein that participates in protein secretion (35, 47) . Interestingly, the 4.5S RNA gene maps in close linkage to genes encoding outer membrane proteins and components involved in protein translocation. The gene for another small RNA, the 6S RNA (46) , is located in close proximity to an rrn operon, rrnD, and the origin of replication. Although the 6S RNA gene was detected in 1978 (32) , its function is still unknown (31) .
Cosmid pOA67 (19) contains the oru-314, trpF, and leu-10 genes in a 20-kb insert which hybridized to DpD and SpI. pOA67 allowed mapping of a cosmid contiguous fragment that had been constructed by cosmid walking (19) . Within 40 kb, the gene order is pyrD... xcp-5-xcp-54-met-901-oru-314-trpF-leu-10 (18, 19) . In P. aeruginosa, which secretes most exoproteins by a signal peptide-dependent pathway (18, 35, 40) , secretion mutations (xcp) have been mapped to three different loci (1, 19) . Locus xcp-S encodes two 41-and 19-kDa proteins, XcpY and XcpZ, which are both required for secretion (18) 39. with the PulL and PulM proteins that are involved in the secretion of pullulanase in Klebsiella pneumoniae (35, 36) . Upstream of xcpY, a further open reading frame that is homologous with the pulK gene product (35, 36) has been identified (18) . The xcpA (pilD) gene (1, 33) homologous to pulO (35, 36) maps to a distant chromosomal site at 0 min of the genetic map. Secretion genes are not contiguous in P. aeruginosa as they are in K. pneumoniae (35) .
Plasmids pPHOA2 and pPHOB3 (20) contain two different structural genes for alkaline phosphatase, phoAl and phoA2, which are located almost half the chromosome size apart from each other. The insert of pPHOB3 encodes in addition for a regulatory phoB-like gene which can complement the phoB mutation in E. coli (20) . In E. coli, the positive regulatory gene phoB is part of the pho regulon which responds to phosphate limitation (41) . The structural genes for two major outer membrane proteins F and I, oprF (14) and oprI (13) , as well as the structural and regulatory genes for exotoxin A expression, toxA (21) (22) (23) and toxR (24, 48) , are located outside the auxotroph-rich region of the chromosome. The distance between toxA and toxR is at least 150 kb.
Genetic mapping of P. aeruginosa PAO has revealed the remarkable feature that almost 90% of the mapped auxotrophic loci reside in 60% of the chromosome (25) (26) (27) (28) . Most genes encoding biosynthetic pathways and central metabolic conversions are located clockwise from val-2 (73 min) to pyrF (42 min) (26, 28) . This genetic distance corresponds with the 3.5-Mb-contiguous fragment stretching from the midst of SpD2 (80%) to SpY (39%) on the anonymous macrorestriction map.
For the comparison of physical and genetic distances in the auxotrophic marker region, the alg and trp genes for alginate (9) (10) (11) (12) and tryptophan (5, 16) biosynthesis were chosen as landmarks on the SpeIlDpnI map because of the completeness of the corresponding genetic mapping data. The long-range restriction map and the recalibrated version of the time-of-entry map (28, 34) correspond with each other at a resolution of 100 kb.
The divergently transcribed trpI and trpBA genes are not interrupted by any further gene (5); the physical distance between trpE and the three-gene operon trpGDC, however, is about 25 kb (16). trpE and trpGDC are flanking the 13-kb pyocin R2 gene cluster (42) and are located on two different SpeI fragments. trpE and trpG encode the large and small subunits of the anthranilate synthase enzyme, which catalyzes the first step in the tryptophan synthesis pathway (16) . Another anthranilate synthase is encoded by the phnA-phnB gene pair (8, 15) . phnAB was mapped in close linkage to toxA. The localization outside the auxotroph-rich region is consistent with the role of this enzyme in secondary metabolism. The phnA-phnB anthranilate synthase participates in the synthesis of pyocyanin, the characteristic phenazine pigment of P. aeruginosa (15) .
The origin of replication resides within the auxotroph-rich marker region. Holloway et al. (25) (26) (27) observed that the map locations of many auxotrophic loci are comparable and congruent in P. aeruginosa and P. putida. The region around the chromosomal replication origin encompasses the genes for rRNAs, core metabolism, and biosynthetic functions and seems to have been retained during evolution since the divergence of P. aeruginosa and P. putida (25, 26) . Our physical mapping data support the conclusion drawn from genetic mapping that in the case of P. aeruginosa, the genetic information for vital housekeeping functions of the bacterial cell is nonrandomly clustered on the chromosome.
Further studies will reveal whether the auxotroph-poor region preferentially encodes for membrane components, secondary metabolism, and islands of pathogenicity.
